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undergone	 a	 degree	 of	 retrofit	 to	 increase	 insulation,	 the	 GSHP	 was	 installed	 with	 the	 existing	25	
radiators.	 A	 detailed	 thermal	 model	 for	 the	 house	 was	 built	 in	 ESP-r	 and	 validated	 against	26	
experimental	measurements	taken	from	sensors	in	every	room.		The	expected	heating	demands	were	27	
computed	from	the	model	based	on	weather	data	and	the	GSHP	system	was	designed	accordingly.	A	28	
compromise	was	made	between	minimizing	 the	 size	of	 the	heat	pump	and	 the	achievable	energy	29	











savings	 have	 come	 from	 the	 decarbonization	 of	 electricity	 generation,	 combined	 with	 effectively	41	
exporting	emissions	through	imports	and	improved	waste	management	(BEIS,	2017a;	DEFRA,	2015).	42	
In	 2013,	 space	 heating	 and	 hot	 water	 accounted	 for	 approximately	 40%	 of	 total	 final	 energy	43	
consumption	in	the	UK	(BEIS,	2016)	and	20%	of	UK	GHG	emissions	(CCC,	2016).	Domestic	buildings	44	
were	responsible	for	the	major	share	of	energy	use	for	space	and	water	heating	(Figure	1).	Overall,	45	




























for	a	 relatively	 short	period	 in	 the	morning	and	a	 longer	 time	 in	 the	evening	so	 there	will	be	high	74	





heat	pumps	are	expensive	and	there	 is	 therefore	a	strong	 incentive	to	not	 to	oversize	the	system,	80	
especially	for	GSHPs	where	an	increase	in	output	requires	additional	ground	loops	or	boreholes.		The	81	
use	therefore	of	heat	pumps	poses	linked	challenges	for	installers	and	users.		From	a	user	perspective,	82	
mixed	 experiences	 have	 been	 reported,	 both	 anecdotally	 and	 in	 the	 literature	 (Boait	 et	 al.,	 2011;	83	
Energy	Saving	Trust,	2011;	2013;	DECC,	2013).		Individuals	used	to	the	rapid	warm-up	characteristic	of	84	
gas	fired	systems	may	find	the	slow	response	of	a	heat	pump	based	system	frustrating;	others	have	85	












gas	heating,	 there	have	been	no	significant	extensions	to	the	gas	network	 in	recent	years	and	 it	 is	98	
unlikely	that	there	will	be	in	future.		Houses	in	this	category	often	have	quite	high	heating	loads	so	the	99	
CO2	savings	will	be	considerable	and	often	have	the	land	required	for	the	installation	of	ground	loops	100	








In	 the	 longer	 term,	 there	 is	 an	 interest	 in	 seeing	what	 coefficient	of	performance	 is	 achievable	as	109	
reports	 suggest	 that	 this	 deteriorates	with	 time	 (Banks,	 2008;	 Underwood,	 2014),	 principally	 as	 a	110	




   number	of	units	
Current	Installations	 2014	 ASHP	&	GSHP	 100,000	
5th	Carbon	budget	 2035	 GSHP	–	retrofit	 up	to	102,000	
	  ASHP	–	retrofit	 up	to	5,820,000	
	 	 Heat	Pumps	-	new	buildings	 up	to	4,400,000	
Carbon	Plan	 2035	 ASHP	(retrofit	&	new)	 11,406,152	
(core	MARKAL)	 	 GSHP	(retrofit	&	new)	 5,899,734	
	 2050	 ASHP	(retrofit	&	new)	 23,173,830	





The	property	 chosen	 for	 the	 study	 is	 a	 former	vicarage,	 a	 type	of	building	often	described	as	 ‘un-119	
















or	 fibreglass	 but	 there	 is	 a	 small	 area	of	 uninsulated	 solid	 floor	 in	 the	 scullery	 and	pantry.	 	 Some	136	
measures	have	been	taken	to	reduce	draughts	but	there	are	four	open	fires,	three	having	a	register	137	
plate	or	a	closer,	and	a	stove.		A	cellar	under	the	kitchen	is	a	further	source	of	air	flow	via	the	cellar	138	






As	part	of	 the	planning	 for	 the	 installation	of	 the	GSHP,	 the	oil	 consumption	 from	the	 time	of	 the	145	
completion	of	the	2001	building	works	was	examined.		The	data	show	that	the	oil	consumption	for	146	















not	 heated	 but	 on	 the	 other	 hand	 the	 heating	 periods	 are	 considerably	 longer	 than	 normal,	 in	162	
particular	continuous	heating	throughout	the	night.		As	part	of	the	application	for	the	Renewable	Heat	163	
Incentive	 (RHI),	 it	was	necessary	to	obtain	an	Energy	Performance	Certificate.	 	The	house’s	Energy	164	






















The	high	thermal	mass	combined	with	moderate	values	of	 thermal	conductivity	 leads	to	 long	time	187	
constants.		Experiments	were	made	to	extract	time	constants	by	shutting	off	the	radiators	in	a	room	188	
and	dissipating	a	known	power	from	an	electric	heater	until	an	equilibrium	temperature	was	obtained	189	
followed	 by	 cooling.	 	 A	 fitting	 algorithm	 was	 then	 used	 to	 obtain	 time	 constants	 but	 there	 was	190	
considerable	variability	in	the	results	and	the	time	constants	for	heating	and	cooling	could	be	quite	191	





a	maximum	value	of	55°C,	and	 ideally	 less,	the	thermostat	setting	on	the	oil	boiler	was	reduced	 in	197	
autumn	2015	to	 its	 lowest	value,	producing	an	exit	 temperature	of	about	55°C	but	with	a	peak	of	198	
about	60°C	just	before	the	burner	shuts	off.		199	
Although	the	radiator	thermostatic	valves	have	a	constant	setting,	there	is	a	clear	temperature	droop	200	






















Thermal	modelling	was	 performed	with	 the	 ESP-r	 software	 package	 (William,	 2015).	 The	 complex	223	




























monthly	 ground	 temperature	 profiles	 were	 iteratively	 calibrated	 in	 such	 a	 way	 that	 modelled	252	








During	 the	 heating	 season,	 running	 from	 mid-October	 to	 mid-April,	 the	 space	 heating	 system	 is	261	
typically	turned	on	between	4:30pm	and	8:30am	on	workdays	and	continuously	over	the	weekends.	262	
This	 is	 considered	 the	 current	 usage	 scenario.	 Three	 other	 heating	 scenarios	 were	 also	 tested:	263	
continuous	(running	24	hours	per	day),	shorter	(more	closely	tracking	occupation	periods	in	different	264	
rooms),	 and	 setback	 (similar	 to	 the	 shorter	 pattern	but	 keeping	 the	heating	 system	on	at	 a	 lower	265	
temperature	 of	 16°C	 instead	 of	 completely	 turning	 it	 off	 with	 the	 aim	 of	 reducing	 energy	266	
consumption).	 Figure	 6	 shows	 the	 schedules	 for	 each	 of	 the	 tested	 scenarios.	 Depending	 on	 the	267	






























22 6 7 8 226 7 8 16 17




16°C 22°C 16°C 22°C




















































































Comparing	 the	 calibrated	 model	 running	 in	 the	 current	 scenario	 with	 the	 real-world	 sensor	285	
measurements,	room	temperatures	are	tracked	fairly	satisfactorily,	albeit	not	perfectly	(Figure	7).	The	286	
testing	period	ran	from	25th	of	January	2015	(when	sensor	readings	started)	to	the	6th	of	September	287	
2015	 (when	 the	 testing	 period	 ended).	 This	 encompasses	 approximately	 12	weeks	 of	 conditioned	288	
operation	(until	the	15th	of	April)	after	which	the	building’s	heating	system	is	turned	off	and	the	model	289	
operates	in	free-float	mode.	Within	this	period	average	temperature	differences	between	model	and	290	












for	 the	 impacts	 of	 any	 indoor	 furniture.	 The	 impact	 of	 these	 aspects	 can	 be	 clearly	 seen	 in	 the	303	
comparison	of	indoor	temperatures	shown	in	Figure	7.	For	instance,	during	the	hottest	period,	around	304	
July,	 frequent	window	and	door	opening	and	extensive	building	ventilation	resulted	 in	significantly	305	
lower	 indoor	 temperatures	 than	 the	ones	predicted	by	 the	model.	During	 the	 conditioned	period,	306	
where	 the	 simulation	more	 closely	 follows	 real	 building	 operation,	model	 temperatures	 track	 the	307	
sensor	readings	significantly	better.	308	


















































Year	 Current	 Continuous	 Shorter	 Setback	
2010	 31.5	 34.3	 23.9	 26.9	









The	modelled	 space	 heating	 power	 requirements	 traced	 for	 different	 years	 and	 heating	 patterns	335	
should	be	a	better	strategy	for	correctly	sizing	new	heating	systems	and	avoiding	oversizing.	Figure	8	336	
shows	 the	 power	 requirements	 for	 2014	 and	 2010,	 the	warmest	 and	 coldest	 years	 since	 2009	 in	337	





















These	 results	 also	 show	 that	 there	 is	 a	 balance	 to	 be	 established	 between	 energy	 saving	 and	359	
equipment	power	requirements.	While	the	shorter	heating	pattern	saves	the	most	energy	(about	25%	360	
compared	 to	 current),	 it	 requires	 a	 significantly	more	powerful	 system	 for	meeting	 the	 last	 5%	of	361	
heating	demand	 (up	 to	18%	more).	 The	opposite	 is	 found	when	 running	 the	 system	continuously,	362	
requiring	the	 lowest	system	power	(approximately	20%)	while	demanding	the	highest	total	energy	363	
expenditure	(9%	higher	than	current).	A	good	balance	appears	to	be	achieved	by	using	the	setback	364	

































































each	winter	 (e.g.	218	hours	 in	2010),	 to	 see	how	tightly	 the	 rating	could	be	specified.	 	As	a	 result	383	
supplementary	heating	would	be	needed	either	by	boosting	 the	output	of	 the	heat	pump	with	 its	384	











to	 happen	 the	 diverter	 valve	must	 be	 energized.	 	Water	 is	 circulated	 through	 the	 radiators	 by	 a	396	
separate	pump	irrespective	of	circulation	from	the	heat	pump.		The	heat	pump	will	act	to	maintain	397	













temperature	 and	 not	 all	 these	 may	 be	 able	 to	 perform	 satisfactorily	 with	 the	 reduced	 water	411	





























































operated	until	 February	19th	2017	when	 it	was	changed	 to	 the	 reduced	hours	 scheme,	namely	off	473	
between	8.30	am	and	4.30	pm.		The	heat	pump’s	external	temperature	feature	was	used	with	a	linear	474	










excluding	 Bedrooms	 3	 and	 4	 and	 the	 scullery	 which	 were	 not	 heated.	 	 The	 heat	 pump	was	 also	485	
providing	domestic	hot	water	requiring	an	estimated	320	kWh	based	on	an	annual	demand	of	2	MWh.		486	
However,	the	Aga	contributed	1940	kWh	and	some	use,	particularly	in	the	evenings,	was	made	of	the	487	
wood	burning	 stove	 in	 the	drawing	 room	 (30	occasions)	 and	 the	open	 fire	 in	 the	dining	 room	 (18	488	
occasions);	 the	heat	 contribution	 is	 estimated	 to	 be	 250	 kWh.	 	Making	 these	 adjustments	 gives	 a	489	
heating	input	of	9561	kWh	for	the	period.	490	
Modelling	 was	 performed	 to	 determine	 the	 expected	 consumption	 over	 the	 period	 in	 question,	491	


















the	 ground	 loop	array,	 the	heat	pump	 itself	 and	possible	 increasing	 the	 capacity	of	 the	electricity	510	













but	 achieving	 this	may	 not	 be	 realistic	 unless	 persistent	weaknesses	 in	 the	 SAP	 approach	 can	 be	517	
identified	and	corrected.		Historic	fuel	consumption	records	are	another	way	of	building	confidence.		518	





with	 thermostatically	 controlled	 valves	 were	 retained	 so	 relatively	 good	 temperature	 control	 of	524	
individual	rooms	was	achieved,	notwithstanding	the	increased	degree	of	temperature	droop.		In	this	525	
regard	the	heating	system	has	familiar	characteristics	but	on	the	other	hand	if	the	blast	of	heat	first	526	
























pump,	 to	determine	 if	 there	 is	 a	 significant	depression	of	ground	 temperature	around	 the	ground	551	
loops,	 to	 see	 if	 the	 overall	 heat	 output	 is	 adequate	 for	most	 days,	 to	 see	 if	 the	 any	 upgrading	 of	552	
radiators	 is	needed	and	 to	assess	 the	quality	of	 the	user	experience.	 	 The	 results	 are	expected	 to	553	
support	the	initial	conclusion	that	successful	GSHP	installations	can	be	made	in	properties	that	have	554	



































































































































































Internal	partition	wall	 1.930	 Plasterboard	(UK	code)	 12.7	 0.21	
Breeze	block	 100	 0.44	
Plasterboard	(UK	code)	 12.7	 0.21	










0.185	 Hardboard	(standard	density)	 25	 0.13	
Glasswool	(generic)	 200	 0.04	
Plasterboard	(UK	code)	 12.7	 0.21	












0.572	 Wilton	weave	wool	carpet	 2	 0.06	
Hardboard	(standard	density)	 25	 0.13	
Glasswool	(generic)	 50	 0.04	
Plasterboard	(UK	code)	 13	 0.21	
	679	
